Summary: To clarify whether lipopolysaccharide (LPS) is transported in rat intestinal epithelial cells, the transport of FITC-LPS across colonic epithelial cells in normal and LPS-exposured rats using a diŠusion chamber was examined. The expression of CD14 and Toll-like receptor 4 (TLR4) was also examined. Rats were given 10 mg W kg LPS i.p. injection at 4 hr prior to the isolation of colonic epithelial tissues. The permeation rate across colonic mucosa by FITC-LPS was several times greater in the mucosal to serosal (M to S) direction than in the opposite direction in both normal and LPS-exposured rats. Increased M to S permeation by FITC-LPS was evident at 379 C, but not at 49 C. The permeability of FITC-LPS in both the M to S and S to M directions was inhibited by unlabeled LPS, anti-CD14 antibody or anti-TRL4 antibody in normal rat. In LPS-exposured rat, the inhibition in the M to S direction was observed by anti-TLR4 antibody, but not by unlabeled LPS and anti-CD14 antibody. In contrast, the permeability in the S to M direction was decreased only by unlabeled LPS in LPSexposured rat. In normal rat, the expression of CD14 and TLR4 was found in the mucosal and serosal sides. In LPS-exposured rat, the expression of CD14 was not observed in the mucosal side. The electrophysiological parameters by LPS exposure remain unchanged. Theseˆndings suggest the possibility that colonic epithelial cells contain speciˆc transport systems for LPS, one of which shows some degree of substrate speciˆcity with the interaction of CD14 and W or that of TLR4.
Introduction
Several clinical conditions associated with bacterial translocation are also associated with tissue hypoxia, and include increased concentration of circulating endotoxin, 1, 2) burn wounds, 3, 4) intestinal obstruction, 5, 6) hemorrhagic shock, 1, 7) and mesenteric ischemia. 8, 9) The increased concentration of circulating endotoxin has been implicated in the breakdown of the intestinal epithelial barrier in animals, which can lead to bacterial translocation (BT).
Lipopolysaccharide (LPS), which is the component of a gram-negative bacterial cellular wall, is thought to cause the sepsis, which breaks out after bacterial invasion into host circulation is a serious illness with in‰ammation in the whole body. It stimulates the production of a potent in‰ammatory mediator, and causes circulatory injury, shock, multiple organ failure, and death. Generally, the invasion of high molecular weight substances such as LPS from the luminal side to the circulation system is considered to be inhibited by an epithelial barrier. One of the functions of this epithelial barrier is believed to be caused by a tight junction (TJ) assembly. The epithelium of the digestive tract separates the vascular system from the lumen of the digestive tract by TJ, and thus, changes of the TJ barrier function could allow invasion by undesirable substances such as LPS. This invasion is physioanatomically referred to as paracellular invasion, and it is important to prevent paracellular invasion in order to perform preventive medicine.
Although it is generally suggested that the opening of TJ enhances BT through a paracellular route, it is not clear whether LPS is transported in intestinal epithelia. It is known that LPS activates cells via CD14, the only LPS receptor that is able to transducer a signal, albeit probably indirectly. 10, 11) Recently, the Toll-like receptor 4 (TLR4) has been suggested as the direct mediator of signaling by LPS. 12) In the present study, to determine the epithelial barrier integrity such as membrane resistance (Rm), short circuit current (Isc) and permeability of ‰uorescein isothiocyanate-labeled LPS (FITC-LPS) were measured using diŠusion chamber methods in normal and LPS-exposured rats. We claried the mechanism of transport of FITC-LPS across colonic epithelia. In addition, this study provided thê rst evidence that LPS can be a substrate for receptor in epithelia.
Materials and Methods
Materials: All chemicals and reagents were purchased from Sigma-Aldrich Chemical Company (St. Louis, MO) unless otherwise noted. Paraformaldehyde and Mayer's hematoxylin were obtained from Wako Pure Chemical Industries (Ltd., Tokyo, Japan). Mouse anti-human CD14 antibody (CLB-Mon W 1) was from Nichirei Corp. (Tokyo, Japan). Goat anti-rat CD14 and goat anti-rat TLR4 were obtained from Santa Cruz Biotechnology, Inc. (CA, USA). Histoˆne Simple Stain Rat (MAX-PO) and Simple Stain DAB Solution were from Nichirei Corp (Tokyo, Japan). Universal quick kit and DAB Solution were from Vector Laboratories (CA, USA).
Animal and experimental design : Male rats of the Sprague-Dawley (SD) strain (8-week-old) were obtained from SLC Japan Inc. (Shizuoka, Japan). All animal experiments complied with the standards set out in the guidelines of Tokyo University of Pharmacy and Life Science.
SD rats were subjected to 10 mg W kg LPS (E. coli, serotype O111: B4) i.p. injection or saline i.p. injection. Increased nitric oxide (NO) formation via the expression of an inducible NO synthase (iNOS) by LPS is thought to be responsible for the pathophysiology of sepsis. It is reported that iNOS mRNA was detectable at 1 hr, peaked at 4 hr, in colon after LPS i.p. injection. 13) Accordingly, 4 hr after administration of LPS or saline, a 10-cm-long colon segment was taken out. The segment was immersed in pH 6.5 modiˆed Krebs-Henselite Bicarbonate buŠer (KHBB: NaCl, 126 mM; KCl, 5.00 mM; Na2HPO4, 0.95 mM; NaH2PO4･2H2O, 4.85 mM; Glucose, 11.1 mM; NaHCO3, 3.50 mM; CaCl2, 1.40 mM) and then was divided into two 5-cm parts, providing the proximal and the distal specimen from the same rat in one experiment. Each segment was cut along the mesenteric border and the mucosa, stripped of underlying muscle, was mounted as a ‰at sheet in diŠusion chambers with an exposed area of 0.64 cm 2 , modiˆed as described by Grass and Sweetana. 14) Measurement of transepithelial transport and membrane resistance (Rm): The methods used in this study followed those previously described by Tomita et al. 15) The transepithelial transport of FITC-LPS (E. coli, serotype O26:B6, 0.1¿10 mg W mL) in rat colon was examined by using diŠusion chamber methods. The serosal and mucosal reservoirs wereˆlled with 5 mL KHBB, which was continuously circulated and oxygenated by mixed gas (95z O2 W 5z CO2) to maintain tissue viability at a temperature of 379 C throughout the experiments. After 20 min, the KHBB on the mucosal and serosal sides was exchanged with 5 mL KHBB containing FITC-LPS or FITC in the donor side and only with 5 mL KHBB in the opposite side (acceptor side). The samples were taken from the acceptor side at intervals of 10 min.
To clarify whether transcellular transport of FITC-LPS through epithelial cells is passive diŠusion or not in normal and LPS-exposured rats, we examined the eŠects of adding unlabeled LPS (E. coli, serotype O26:B6), anti-CD14 antibody and anti-Toll-like receptor 4 antibody (anti-TLR4 antibody) to the donor side on FITC-LPS permeability using a diŠusion chamber. Regarding the permeation experiment in the S to M direction, the anti-CD14 antibody or anti-TLR4 antibody was administrated by i.v. injection at 1 hr prior to isolation of colonic tissue. FITC-LPS concentration was determined by a ‰uorescence spectrophotometer (HITACHI, FP6500, Tokyo, JAPAN), at an excitation wavelength of 495 nm and an emission wavelength of 518 nm. Apparent permeation coe‹cient (Papp) was obtained as follows.
Papp＝dQ W (dt×A×C0) dQ W dt is the transport rate (mg W sec) and corresponds to the slope of the regression line, C0 is the initial concentration in the donor chamber (mg W mL or mg W cm 3 ), and A is the area of the membrane (0.64 cm 2 ). Simultaneously, the electric membrane resistance (Rm) was calculated from the measured membrane potential diŠerence (PD) under the load of a small external current (0.1 mA and 0.01 mA) according to Ohm's law. 16) Then the short circuit current (Isc) was determined.
Histology: Intestinal biopsies wereˆxed in 4z paraformaldehyde in phosphate-buŠered saline (PBS) for at least 2 hr at 49 C and then treated in 10z sucrose in PBS for 4 hr at 49 C. Subsequent to this treatment, the tissues were exposed in 20z and 30z sucrose in PBS for 4 hr at 49 C, respectively. The 10 mm thick section was stained with Mayer's hematoxylin and analyzed by light microscopy.
Immunohistochemistry: Intestinal biopsies were embedded in Tissue-Tek OTC compound (SAKURA, Japan), fast-frozen in deep freezer, and stored at -809 C until use. The tissue was cut by cryostat into 10 mm sections, incubated with blocking agent (3z hydrogenperoxide in MeOH) for 15 min at room temperature and then incubated with theˆrst antibody for 2 hr at room temperature. The antibodies used were a mouse anti-human CD14 and a goat anti-rat TLR4. After CD14 staining with theˆrst antibody, the samples were incubated with Histoˆne Simple Stain Rat (MAX-PO) for 30 min at room temperature and then incubated with Simple Stain DAB Solution for 20 min at room temperature. Slides were counterstained with Mayer's hematoxylin. Regarding the TLR4 staining with theˆrst antibody, the samples were incubated with DAB solution using universal quick kit. Other techniques were the same as described above.
Statistical methods: All experiments were repeated more than 3 times for each condition, and results are expressed as mean±SEM. The signiˆcance of diŠer-ences between permeation in the mucosal to serosal and serosal to mucosal directions in normal or LPSexposured conditions was assessed using the Student's t-test or Dunnett's t-test for unpaired samples. Pº0.05 was deˆned as statistically signiˆcant.
Results

Rm and Isc of colon in LPS-exposured rats:
Marked changes were not observed in Rm between normal (saline injection) and LPS-exposured rats, indicating that the paracellular route including TJ structure and ion ‰ux in rat colon remained unchanged (Fig. 1a) . No marked change was observed in Isc between normal (saline injection) and LPS-exposured rats (Fig. 1b) FITC-LPS permeability across colon in LPSexposured rats: Regarding the direction of permeability under the normal (saline injection) condition, the colonic FITC-LPS permeability in the mucosal to serosal (M to S) direction was found to be signiˆcantly higher than that in the serosal to mucosal (S to M) direction (Fig. 2) . In LPS-exposured rat, the colonic permeability of FITC-LPS in the M to S direction showed a tendency to decrease, but in the S to M direction, an increasing tendency was found when compared with normal (saline injection) rat (Fig. 2) . However, in LPS-exposured rat, the M to S permeability was also signiˆcantly several times greater than that in the S to M direction.
EŠect of temperature on FITC-LPS permeability across colonic epithelia: To examine the possibility of contribution of an active transport system, the eŠect of temperature on the permeability of FITC-LPS using normal colonic epithelia was examined. As shown in Fig. 3 , the permeability of FITC-LPS was greater in the M to S direction than the S to M direction at 379 C but not at 49 C, suggesting that a part of the observed polarity for transmucosal ‰ux of FITC-LPS was dependent on an active process (Fig. 3) .
Concentration dependency of FITC-LPS permeability across colonic epithelia: As shown in Fig. 4 , the permeation coe‹cient in the M to S direction and S to M direction decreased in a concentration-dependent fashion. Comparing the permeabilities in both directions, the permeation coe‹cient in the M to S direction showed a tendency to be higher than that in the S to M direction in the region of FITC-LPS concentrations from 0.1 to 10 mg W mL (Fig. 4) . On the other hand, in the region of FITC concentrations from 0.5 to 50 ng W mL, the permeability of this probe in the M to S tended to be lower than that in the S to M direction (Fig. 4  insert) . For example, 0.5 ng W mL of FITC might be responsible for 0.1 mg W mL of FITC-LPS calculated in their concentration. This result shows that the vectorial transport of FITC-LPS is not due to FITC but due to LPS.
Substrate speciˆcity of FITC-LPS permeability across colonic epithelia in normal and LPS-exposured rats: As shown in Table 1 , addition of an excess of unlabeled LPS to the mucosal side or that to the serosal side decreased not only the permeability in the M to S but also that in the S to M directions in the normal rat ( Table 1) . In LPS-exposured rat, the FITC-LPS permeability in the M to S direction decreased ( Table 1) when compared with control conditions (saline injection). The decreased FITC-LPS permeability in the M to S direction was not changed by adding unlabeled LPS to the mucosal side ( Table 1) . In contrast, the FITC-LPS permeability in the S to M direction increased when Isolated colonic tissues were incubated with FITC-LPS for 60 min at 379 C. The concentration of FITC-LPS and unlabeled LPS used in this study was 0.1 mg W mL and 10 mg W mL, respectively in normal group. The concentration of FITC-LPS and unlabeled LPS used in this study was 0.5 mg W mL and 50 mg W mL, respectively in LPS-exposured group. Data represent means±S.E. (n: 3-14 for each condition). *pº0.05 compared with CTRL or CTRL (saline injection). †pº0.05 compared with LPS (LPS-exposured). Isolated colonic tissues were incubated with FITC-LPS for 60 min at 379 C. The concentration of FITC-LPS used in this study was 0.5 mg W mL. Data represent means±S.E. (n: 3-14 for each condition). **pº0.01 compared with CTRL or CTRL (saline injection). †pº0.005 compared with LPS (LPS-exposured).
37 Lipopolysaccharide Transport System in Rat Colon compared with control condition (saline injection). The increased FITC-LPS permeability in the S to M direction was signiˆcantly decreased by the addition of unlabeled LPS to the serosal side ( Table 1) .
EŠect of anti-CD14 antibody on FITC-LPS permeability across colonic epithelia in normal and LPS-exposured rats: As shown in Table 2 , addition of anti CD14 antibody to the mucosal side decreased the permeability of FITC-LPS in the M to S direction in the normal rat and that in the S to M direction also signiˆcantly decreased by an anti-CD14 antibody ( Table 2) .
Regarding the LPS-exposured rat, anti-CD14 antibody had no eŠect on FITC-LPS permeability in either direction ( Table 2) .
EŠect of anti-Toll-like receptor 4 (TLR4) on FITC-LPS permeability across colonic epithelia in normal and LPS-exposured rats: As shown in Table 2 , adding anti-Toll-like receptor 4 (TLR4) antibody decreased not only the permeability in the M to S direction but also that in the S to M direction in normal rat ( Table 2 ). In the LPS-exposured rat, the inhibitory eŠect of anti-TLR4 antibody was only observed in the permeation of FITC-LPS in the M to S direction ( Table 2) .
Expression of CD14 in LPS-exposured rats: Figure 5 shows immunohistochemical staining of frozen sections of colonic biopsies from normal (saline injection) and LPS-exposured rats using anti-CD14 antibody. Fig. 5a indicates that CD14 expression was found to be at both mucosal and serosal sides in normal (saline injection) rat colon. In the LPS -exposured rats, that expression was observed in the serosal side but not in the mucosal side (Fig. 5b) .
Expression of TLR4 in LPS-exposured rats: Figure 6 shows immunohistochemical stainig of frozen sections of colonic biopsies from normal (saline injection) and LPS-exposured rats using anti-TLR4 antibody. Figure 6 indicates that TLR4 expression was found to be at both mucosal and serosal sides in colonic tissues irrespective of conditions such as normal (saline injection) and LPS-exposured rats (Fig. 6 ).
Discussion
First, we investigated Rm and Isc in colonic epithelial cells between normal (saline injection) and LPSexposured rats. There was little diŠerence in Rm values between normal (saline injection) rat and LPSexposured rat (Fig. 1a) , showing that the paracellular route including TJ in colonic epithelial cells remains unchanged at 4 hr after LPS exposure. Also, ion transport assessed from Isc was working normally in colonic epithelia irrespective of conditions such as saline injection or LPS exposure (Fig. 1b) .
Simultaneously, we investigated FITC-LPS permeability across colonic epithelia in normal (saline injection) and LPS-exposured rats. LPS exposure decreased the FITC-LPS permeability in the M to S direction and increased a little in the S to M direction (Fig. 2) , indicating that LPS exposure had an eŠect on FITC-LPS permeability without change of Rm and Isc in the colon. But the permeability of FITC-LPS across the colonic mucosa has a remarkable polarization in that ‰ux is signiˆcantly greater in the M to S direction than in the S to M direction in normal (saline injection) rat and LPS-exposured rat. These results collectively suggest that the permeability of FITC-LPS across colonic epithelia is mediated by some special transport system.
Next, we investigated the eŠect of temperature on the FITC-LPS permeability across colonic epithelia in normal rat. At 379 C, we observed that permeation in the M to S direction was greater than in the S to M direction (Fig. 3) . Cooling the tissue to 49 C equalized the FITC-LPS permeation in the M to S direction and in the S to M directions, i.e., the cooling decreased M to S permeation to a greater extent than S to M permeation (Fig. 3) . Thisˆnding is inconsistent with the idea that the transport in the M to S direction, which was in excess of transport in the S to M direction, is the result of a passive process, because a purely passive process through simple diŠusion is independent of a decrease in temperature in a nonpolarized way.
We considered the possibility that the polarized transport of FITC-LPS across colonic epithelia was mediated by a speciˆc system in membrane (i.e., receptor-mediated endocytosis). We observed that M to S and S to M transport of FITC-LPS was saturable and decreased depending on the concentration of FITC-LPS in the donor chamber (Fig. 4) . Theseˆndings are consistent with the standpoint that transport in both directions occurs as a speciˆc system in membrane. When we measured both directions of the ‰ux of FITC, a labeling probe, over a 100-fold range of concentrations of FITC in the donor chamber, the saturable patterns in FITC transport (Fig. 4 insert) were similar to that in FITC-LPS transport (Fig. 4) even when FITC concentration (for example, 0.5 ng W mL) in the donor chamber was two hundred times lower than an FITC-LPS (0.1 mg W mL) (Fig. 4) , where the transport had already reached the maximal level (Fig. 4 insert) . We have already obtained the preliminary result that the permeability of S to M direction was decreased by colchicine, an inhibitor of endocytosis (data not shown). Accordingly, from these results, it can be excluded that endocytosis of FITC produced by decomposition of FITC-LPS speciˆ-cally contributed to the vectorial transport of LPS.
In the normal rat, the permeability of FITC-LPS in both directions was decreased by excess unlabeled LPS which is a structurally similar polysaccharide ( Table 1) . Addition of anti-CD14 antibody or anti-TLR4 antibody ( Table 2 ) also aŠected the transport of FITC-LPS permeability. Theseˆndings are consistent with transport in both directions occurring as a result of endocytosis through the recognition of LPS structure, the internalization through binding to CD14 receptor and TLR4 receptor, or a combination of these processes in a normal rat. Imaeda and his colleagues reported that ‰uorescence intensity through uptake into the epithelial cells was observed not in the interaction between FITC and epithelial cells but that between FITC-LPS and epithelial cells through TLR4 17) . Their report corresponded with our results.
In the LPS-exposured rat, the permeability of FITC-LPS in the M to S direction was decreased but that in the S to M direction was increased when compared with normal rat (saline injection) ( Table 1) . And the inhibitory e‹cacy of adding unlabeled LPS on FITC-LPS permeability was observed in not the M to S direction but in the S to M direction ( Table 1 ), suggesting that LPS exposure induces the decrease in sensitivity or transportable activity of FITC-LPS in the mucosal side and the increase in the serosal side.
Recently, it is recognized that CD14 and TLR4 is found predominantly on the luminal surface of HT-29 cell line, 18, 19) T-84 cell line, 18) IEC cell line 20, 21) and mice intestine. 22) In in‰ammation conditions, overexpression of CD14 and downregulation of TLR4 has been associated with their phenotype, which is characterized by resistance to a wide of cytotoxic drugs and various sickness conditions. 23, 24) In the present study, CD14 and TLR4 in both mucosal and serosal sides were found in normal rat (saline injection) (Fig. 5 and Fig. 6 ). Anti-CD14 antibody and anti-TLR4 antibody signiˆcantly decreased the permeability of FITC-LPS in the M to S direction and that in the S to M direction in the normal rat ( Table 2) , implicating a possible role for CD14 and TLR4 in this process. In the LPS-exposured rat, neither the inhibition of the permeation in the M to S direction by anti-CD14 antibody ( Table 2 ) nor the expression of CD14 in the mucosal side was observed (Fig. 5) , indicating a signiˆcant correlation between the function and the expression for CD14. The results in which anti-TLR4 antibody indicated an eŠect on the permeability of FITC-LPS in the M to S direction ( Table 2) are consistent with the evidence of expression of TLR4 in the mucosal side in LPS-exposured rat (Fig. 6) . For the recognition of expression of CD14 (Fig. 5) and TLR4 (Fig. 6) in the serosal side in LPS-exposured rat, neither anti-CD14 antibody nor anti-TLR4 antibody ( Table 2) had an eŠect on the permeability of FITC-LPS in the S to M direction. The reason for this contradictory result is now under investigation. However, ourˆndings suggest the possibility that colonic epithelial cells contain speciˆc transport systems, a part of which shows some degree of substrate speciˆcity for lipopolysaccharide apart from interaction with CD14 and W or TLR4. Also, the contribution of CD14 and TLR4 to such transport cannot be ruled out.
In conclusion, we studied FITC-LPS permeability in both the M to S and S to M directions across normal and LPS-exposured (infective) rats. The observed diŠer-ences between normal and LPS-exposured (infective) rats may possibly help to understand the dysfunction mechanisms which cannot be elucidated by TJ opening during various clinical settings associated with LPS infection.
